The analysis of heart rate variability (HRV) is routinely used to evaluate physiological regulatory mechanisms in diverse cardiac and non-cardiac conditions. In particular, the analysis of the typical high frequency and low frequency spectral peaks of HRV (around 0.25 and 0.1 Hz in humans) provides information regarding the function of the autonomic nervous system.
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One aspect that is still incompletely understood is the power law behavior of HRV in the very low frequency range. This power law is revealed by the linear aspect of the HRV power spectrum in a double logarithmic plot. The slope of the regression line in the double logarithmic plot provides the power law exponent, β. Processes exhibiting a power law behavior of their power spectrum appear statistically self-similar at all observation scales, a property which is typical of fractals. The clinical importance of the fractal behavior of HRV was recognized in the 1990's in large studies that correlated β with disease status and showed the potential prognostic value of this marker. For example, Bigger et al. 2 showed that β lies around -1.2 in myocardial infarction patients and around -2 after cardiac transplantation, compared to -1 in control subjects; they also showed that more negative values of β in myocardial infarction patients are related with a higher mortality. It was postulated that the fractal behavior of HRV is due to interactions between multiple regulatory systems operating over a wide range of temporal scales, reflecting the ability of the organism to accommodate to stress. 3 However, a power law behavior of beat rate variability (BRV) was also observed in cardiac systems devoid of any autonomic, endocrine or hemodynamic influences, such as cultures of neonatal rat ventricular myocytes, 4 isolated rat cardiomyocytes, 5 and even cultures of cardiomyocytes derived from human embryonic and induced pluripotent stem cells. 6 Therefore, this power law behavior appears to be a universal phenomenon intrinsic to any type of cardiac cell or tissue. However, the underlying physiological mechanisms are still not fully established. Nonlinear dynamics and chaos theory have fostered the development of various methods and markers to characterize the complexity of time series. One such marker is approximate entropy (ApEn), 7 which quantifies regularity vs. complexity (i.e., predictability vs. unpredictability). However, studies of dynamical systems also revealed that power laws and fractal patterns can arise even in quite simple systems, such as the sandpile model of Bak et al., 8 who proposed that such patterns emerge once a critical threshold of self-organization is reached. It must be noted that fractal markers such as β are not necessarily related to complexity markers such as ApEn: a pattern doesn't need to be fractal to be complex, and a pattern doesn't need to be complex to be fractal.
In the study of Yaniv et al. 9 published in this issue of Heart Rhythm, fractal measures of HRV and ApEn were investigated using a multi-scale approach from the whole organism to the isolated sinoatrial node (SAN) cell. The authors analyzed HRV in sedated rabbits and in animals in which the heart was denervated surgically and pharmacologically. They subsequently analyzed BRV in SAN tissue preparations isolated from these animals and in single dissociated SAN cells. Finally, they examined the effects of adrenergic and cholinergic stimulation of these cells. In the heart in vivo, in the denervated heart and in SAN tissue, HRV and BRV exhibited a power law behavior with β of -1, -1.2 and -1.6, respectively. First, this observation confirms that autonomic influences modulate the power law behavior of HRV. Second, it confirms that this behavior is present in tissue devoid of any extrinsic influences. But most interestingly, the authors observed that the fractal behavior of BRV was present in only a small fraction of the isolated SAN cells. This indicates that intercellular interactions in the SAN promote the development of fractal BRV patterns. One interesting explanation proposed by the authors is the formation of cellular "neighborhoods" that synchronize their electrical activity and drive other neighborhoods and the rest of the SAN. Extending this line of thought, one can envision neighborhoods of neighborhoods, neighborhoods of neighborhoods of neighborhoods, and so on, which leads to the conjecture that such a successive embedding at different spatial scales may contribute to the fractal nature of BRV and HRV. However, the study of Yaniv et al. also demonstrates that intercellular interactions are not a prerequisite for the development of fractal BRV patterns. Therefore, if fractal patterns require the existence of spatial interactions, one needs to search for such interactions within the single cardiomyocyte. In previous work, Lakatta et al. established the "Ca 2+ clock" as a pacemaking mechanism that parallels the classical "membrane clock". 10 The Ca 2+ clock is based on spontaneous diastolic stochastic Ca 2+ release events from the sarcoplasmic reticulum, which enhance depolarization via the Na + /Ca 2+ exchange current. These Ca 2+ release events are potentiated by β-adrenergic stimulation. 10 Because every myocyte contains thousands of interacting Ca 2+ release units, the question whether spatial interactions between Ca 2+ release units within a single cell may contribute to fractal BRV patterns is therefore pertinent. This hypothesis is supported by the recent study of Nivala et al., 11 who investigated Ca 2+ release patterns emerging in a threedimensional model of the myocyte comporting 20000 interacting Ca 2+ release units. When extracellular Ca 2+ was increased, isolated random release events coalesced to form larger and larger sparks, which eventually merged to form self-organized spatial waves and temporal oscillations. Importantly, in critical regimes, the distribution of the number of Ca 2+ release units involved in a release event was described by a power-law behavior, which reflected selforganized criticality. This self-organization may then translate into a power law behavior of interbeat intervals and contribute to the generation of fractal BRV and HRV patterns. The hypothesis of self-organized criticality within a single cell is further supported by the observation of Yaniv et al. that isoproterenol significantly increased the proportion of SAN cells exhibiting a fractal BRV pattern.
In conclusion, the power law behavior of HRV is likely to be the manifestation of universal, selforganized multi-scale phenomena spanning the entire range from the macromolecular complex to the entire organism. In the future, we need to understand how this power law behavior is affected quantitatively by various conditions, which will hopefully provide more refined markers utilizable for risk stratification, diagnosis and prognosis during heart disease. One approach would be to combine different markers, such as β and ApEn. In the experiments of Yaniv et al., ApEn was smaller in isolated SAN tissue than in the heart in situ. This suggests that beat rate complexity is increased by the autonomic nervous system and possibly by further extracardiac mechanisms. However, the largest ApEn was observed in isolated SAN cells, suggesting that mutual synchronization of SAN cells within the SAN causes a decrease in complexity. These are very interesting findings, but their exact physiological signification remains a mystery which will have to be elucidated in further work.
